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ABSTRACT

Ttus work attempts to develop a quantitative understanding of the chemical and physical gas-
phase fire suppression mechanisms of water. Small-scale diffusion flame experiments and
;-;alculatlons with detailed kinetics are done to study these gas-phase effects. The experimental
results show that there is a significant chemical enhancement effect due to increased water
vapor concentration in the flame zone. This effect reduces the soot concentration and oxidizes
("0 10 CO,. Consequently, the combustion becomes more complete and the flame temperature
i increased as the water concentration is increased. The actual magnitude of the chemical
enhancement, however, depends on the water concentration, the O, concentration and the flame
emperature.  Mixing caused by liquid water application and water evaporation may
agnificantly affect the gas composition. In particular, it may increase the CO concentration
tor a low O, concentration fire environment. It was also found that ap increase in the water
vapor concentration considerably enhances the radiative heat Toss from the flame. This heat loss
becomes less significant with increase in the strain rate due to a reduction in the flame zone
thickness.

KEYWORDS: Fire suppression, water. chemical enhancement, diffusion flames, flame
temperature, flame radiation, strain rate

INTRODUCTION

An understanding of the effect of water on fire is of considerable interest due to its widespread
use in fire suppression. Water is and will continue to be a premier suppression agent because
1t1s non-toxic, abundant and inexpensive. Health and environmental concerns limit the use of
other chemical agents such as halons and dry chemical powders. However. there 1s a lack ot
quantitative information on fire suppression by water. In the words of Rasbash (1], a pioneer
inthe field, “It is probably safe to say that since mankind first made use of fire. they made use
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of water to control it Apart trom rhetorical quotanions, very little has come down 4
aeons of time, on just how much water is needed to control fires of ditferent kind =
the review article, Rasbash recommends .. more experimental work aimed at improy T
understanding ot the phenomena 1nv0lv<,d " This study is an attempt to DTOVlde
understanding regarding the fire suppression mu:hamsmc of water by the use of gma il
experiments and maodels.

Previous literature [1-6. and references therein] shows that water has two physical effed
cooling of the burning solid by water evaporation. and (ii) smothering caused by dxlﬂ
the oxidizer and/or the fuel by water vapor. In addition to these two well-known eitecm@
are three more etfects, namely: (ili) enhanced radiative heat loss due 1o increased’
concentration. (iv) enhanced mixing as a result of volumetric expansion caused by ‘“ﬁ

evaporation. and (v) a little known but significant chemical enhancement effect which mﬁ
the soot concentration and decreases the luminous flame radiation.

Water is typically sprayed as a liquid onto the fire. However. usually excessive amgy
water is used which often causes as much or more property damage as the fire. Liquid
sprays are also not suitable for electronic items, liquid fuel fires. and certain meg
chemicals. Thus, while cooling of the burning condensed phase by water evaporatio
most effective suppression mechanism of water, it appears that for reduction in
damage and for wider application, we must rely only on its gas-phase suppression mecha
This realization has led 10 the use of water mist which has fine droplets that do not d‘
reach the burning object but instead cool and dilute the surrounding gases. Water mist
being considered as a possible replacement of halons {7]. Since the physical cooling effd
water (i.e. (1)) has been studied earlier {8.9]. developing a fundamental undersranding
gas-phase suppression mechanisms of water (i.e.,(ii) through (v)) will be very helpful

Unforwnately. little is known about the effects (iv) and (v). Previous work on prc
flames {10.11} shows that the burning velocity is significantly affected by the preseg
steam. It was concluded that water is not just inert, instead 1t chemically nteracts in the |
In sooting diffusion flames, that are more representative of a fire, it was found {12] that w1
is much more effective than CO, at reducing the sooting tendency possibly because of ing
production of OH by water vapor. Yet, other researchers [13.14] find the effect of wal
be purely thermal (i.e. due to heat capacity). The experiments described here atte
resolve this controversy and quantify the increase in the combustion efficiency and the reg
reduction in the suppression effectiveness of water (defined as the decrease in the heat r¢
rate per unit mass application rate of the suppression agent).

To quantify these gas-phase eftects of water, small-scale experiments on radiative countgd
diffusion flames are conducted. These are chosen because they represent the local bef
of buoyant trbulent diffusion flames (fires) and are convenient for both experif
measurements and theoretical modeling. Transient experimental results of the effect o
are first presented, followed by calculations of the flame structure to investigate the eflgh
flame radiative heat loss.

i A

EXPERIMENTAL APPARATUS

A unique closed axis-symmeiric stagnation-point-flow flame apparatus was designed t
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e SUppTESSION mechanisms. Tt is schematically shown in fig. 1. A detailed description of this
sparatus and the calibration procedure is presented elsewhere {15]. This apparatus is designed
. onducting small-scale transient suppression experiments with a liquid or a vapor agent.
o agent may be applied 1o a steadily burning solid in the stagnation-point-flow configuration
] 4 counterflow diffusion flame formed by a porous ceramic gas burner which replaces the
N '1mm diameter fuel specimen. The oxidizer enters the upper wmperature-controlled
Cndrical heaters with a center ceramic tube for gas supply. This ceramic tbe supporis a
e honeycomb heat exchanger and flow straightener. The final oxidizer exit 1s 63 Smm
. qumeter.  The cylindrical heaters are supported by a specially designed ceramic flange
b 18 supported by a water-cooled stainless-steel cylinder. An outer concentric stainless-
¢! casing 18 used to direct the exhaust gases through the annutar opening. A 305mm
. ymeter quartz cylinder that can shide over the stainless-steel casing is used as an observation
Lodow It s sealed to prevent gas leakage. The test sample is surrounded by ceramic
Luiation to ensure one-dimensional heat conduction. A water-cooled droplet tube that can
“vme in and out of the hot burner zone 15 used to release water droplets on the sample surface
w aier in the vapor form is applied by simply adding it to the oxidizer or the fuel stream

“mis apparatus permits the control of composition, temperature and velocity of the fuel &
wdizer streams. Most importantly. it permits transient measurements of the exhaust gas
.mposinion which enables quantifying the effect of the suppression agent and determine the
;ppression rate (defined as the attenuation In the heat release rate). Continuous gas analyzers

«cre used for measuring H,0. CO,, CO and O, in the exhaust. The gas concentration

qeasurements, reported here, were corrected for the transport time and the detector response

aie [16]  Calibration experiments were done to show that suppression transients of order "1

v van be resolved and that the
Serall mass balance was within

~: In addition, temperature

~casurements  across  the one-
mmensional diffusion flame were
nde by coated  Pr/Pe-Rh
ermocouples and a video camera
~av used to continuously record
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Suppression Experiments with FIGURE 1: (Cross-‘section of the clqsed axis-symmetric
Liquid Water stagnation-poini-flow suppression apparatus.

imnal experiments were conducted with measured amounts of liquid water applied to the center

* 4 steadily burning PMMA sample in the stagnation-point-flow configuration. The objective
~> 10 quantify the suppression rate. These experiments. while not reported here, produced
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unexpected but interesting results.  Measurements. that were checked numieroys n“
error. showed a constderable 1mtial ncrease in the burning rate (as measureq b
production rate and O- depletion rate) and a subsequent decrease due to physical Coolipg!
the water had evaporated. Lventually. the solid recovered to its steady burning condilion'
enhancement of the burning rate was only observed for sooty flames. To separate the ¢
and physical effects of water. PMMA was replaced by a porous ceramic gas burner
physical cooling eftect was climinated leaving only dilution and chemical enhancement

Methane was chosen as the fuel tor the porous ceramic burner. The methane and 0x|d1
rates (1.5 & 10.5 Ipm respectively) and the external radiation from the heaters (G.43
were held constant during all the experiments conducted with difterent O. concentratjng
change the sootiness of the flame) and different constant water application rates. Wjp 1o
applied by a syringe pump through a small water-cooled stainless steel tube to the center “
porous ceramic burner. Transient species composition measurements in the exhaust were
to determine the effect of water droplets on the overall heat release rate. An increase |
CO. production rate and O- depletion rate corresponds to an increase in the burning ry
vice versa. Represemative results tor three different oxygen concentrations are presented
(i) 12% O, which produced a blue flame. (ii) 15% O, which produced a sooty yellow
and (iit) 30% O, which produced a high temperature bright sooty flame. Note that the i
air stream was preheated by the heaters to 723K, This enabled low 0,% flames to exi;

_i"l,{

Blue CH, flame(12% O.); Ixperimental results for a blue methane flame are presenj
figures 2a-2¢. These are corrected (for response time and transport time) gas concent
measurements in the exhaust as a function of time during which liquid water was appl
the porous ceramic burner (i.c. on the fuel side of the diffusion flame). Only CO,, C,
THC (to1al hydrocarbons) are prescnied here because the O, depletion dara is similar to {I* A
production data. Also, as can be seen trom the high CO and THC concentrations prior 10!
application, the flame was bluc and "week” because insufficient O, was avaiiable to bu ;
of the fuel supplied. These figures show that water application (during 300 to 12004
cssenually diluted the tud ruulnng m more mcompietc Lomhusuon The unly

application rate was mm,dsud AL 13, %m./scc water apphca[l(m rate the ﬂam .
extmguxshcd There Is no L\’ldtn(,c‘ of chemical enhancement of the burnmg rate despl

temperature was 100 low and water sunp\y behaved as an inert dllucn[ under these condl
These results are in agreement with those reported by references {13, 14]. ,

Sooty CH, flame (15% () .. Results for a sooty methane flame are shown in figures .
Here, except for the 0.%, all other conditions were same as the blue flame. Increaied [
concentration resulted n an increase in the flame temperature and the soot tormatlo ¥
Consequently, the flame was yellow. It is interesting to note that the CO, production ra -H
2d) first increased with the water application rate, then stopped increasing berween
9.23mg/sec. and eventually decreased at 13.3mg/sec water application rate. Thus. if,
production rate is taken as the exclusive measure of the suppression rate. the bum
initially increased (duc to chemical enhancement) and later decreased (due to difu
However, if the O, depletion rate (Fig. 3a) is simultaneously considered. the burnm
increased for all cases but the increase was less for the 13.3mg/sec water apphcauo
Clearly, there are two competing mechanisms: (i) chemical enhancement, and (i) phy_‘
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Fig. 2¢: CO for blue CH, flame at 12% O,. Fig. 2d: CO, for sooty CH, flame at 15% O,

FIGURE 2: Species production rates during various liquid water application rates for blue and
woty CH, flames at 12% and 15% O, concentration in the hot (723K) oxidizer flow. Water
application on the porous ceramic burner began at 300 sec and was stopped at 1200 sec.

dilution, Yet, it is curious how O, was consumed without producing CO,. The answer to this
s clear from the CO production rates presented in figure 3b. Note that the CO production rate
wereased for all cases of the yellow flame, whereas it decreased for all cases of the blue flame.
Due 1o insufficient oxygen, substantial amoums of CO along with CO, was produced. It also
appears that the reduction in temperatures due to water application did not permit the water-gas
reaction (CO + H,0 = CO, +H,) to equilibrate because it will tend to reduce CO as H,0%
sancreased. Finally. the total unburned hydrocarbons (Fig. 3c) always increased with increase
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FIGURE 3: Species production rates during various liquid water application rates for’s
CH, flames at 15% and 30% O, concentration in the hot (723K) oxidizer flow.
application on the porous ceramic burner began at 300 sec and was stopped at 1200 sec.

\

in the water application rate. This implies lower fuel oxidation which is inconsistent witl
increase in CO & CO, production. This inconsistency is explained by noting that the’
production rate was substantially reduced (visual observations) and that the magnitude of
unburned hydrocarbons is significantly lower than that for the blue flame. Recall that
methane flow rate was held constant for all flames. Thus, water application reduced the
formation rate perhaps by intervening in the soot inception process [12]. Some of the unbu
hydrocarbons were oxidized to CO & CO, while the rest escaped the flame. Note that this
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.sonably realstic fire scenario because 15% O, and fuel-rich conditions dre not uncommon
: .:‘nrc These experiments pomnt to a disturbing situation where the CO production rate may
‘mgrcascd by water suppression efforrs.
~ )

apiehi SQOLY flame (30% O,): Further ?ch'ttzisc? in 0 % makes the flame very bright yellow and
:\\[\. Also, for the same flow rates of fuel and oxidizer, the flame moves closer to the porous
cramic burner surface. Since the flame temperature is significantly increased. water may
:\-;nmc more chemically active in the flame. Typical results from only one of the several
Speriments conducted are presented in figure 3d.  This figure 1s for 13.3mg/sec water
ipplication rate. Note that both CO and unburned hydrocarbons are oxidized w CO. due w0
ificient available O,. Also, higher flame temperatures may enable the water-gas reaction
ipproach equilibrium.  This will reduce CO% as H,0% 15 increased

rhe above results clearly show chemical enhancement of the burming rate duc o water
,hnphcation. Since these results contradict some previous work [13, 14] which claims that
water simply acts as a diluent. the experiments were repeated with water vapor instead of
quid water. This was done to elimmate the possibility of enhanced mixing and flow
ssruptions that may have been caused by evaporation and the resulting volumetric expansion
.1 liquid water.  While this is possible and certainly occurs during actual fire suppression
cIforts, it was not visibly observed during these experiments.

suppression Experiments with Water Vapor

wn the experimental results presented here, different amounts of water vapor was added 1o the
~udizer side flow. The flow rate of fuel with diluent (nitrogen) was 2 liter-per-minute. while
tnat of the oxidizer with two different diluents (nitrogen and argon) was 8 liter-per-minute.
these flow rates were held constant for all the experiments. While the experiments were
.onducted for CH, and C,H, at 15%, 20% & 25% O, [15], the results of only CH, at 20% O,
aie presented here. The input concentrations of fuel side flow were 75%CH, and 25%N. for
allihe flames. However, different amounts of water was substituted in the oxidizer flow and
the tesulting concentrations are summarized in Table 1.

Ihe input composition of the oxidizer side  TABLE I Inlet conditions for the oxidizer flow
ow was changed as a mixture of‘ water- (1 (2 3) (4 ()
qapor and Ar was substituted for N,.

However. the oxygen concentration was not mo 0% 10% 20% 30% 40%
~hanged, A mixture of H,O and Ar was 0, 209 0% 209 0% 209
whstituted for N, to keep the “pC,’” product :
oF the oxidizer flow constant  while N, 80% 61.6% 43.1% 24.7% 639
mcreasing the water concentration.  The
“bjective was to quantify the chemical effect
I water without changing the primary
physical properties, i.e. dilution, density, strain rate and heat capacity. These experiments
»ere performed using the following procedure. First, a steady diffusion flame was established
#ith only N, in the oxidizer stream (0% water) and the steady species concenirations were
measured for S minutes. Then. the oxidizer stream concentrations were changed to the desired
water concentration.  This water flame was maintained for 15 minutes until steady conditions
»ere established.  Continuous species measurements were made throughout.  Flame

Ar  0.0% 84% 16.9% 253% 33.74%
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sralure profiles were also measured along the centerline and normal to the flame by «
‘.rn:p:lmcd Pt/Pi-Rh thermocouple.  The measured temperatures were corrected tor radiation
u, L‘l_\L' \n numerical calculations
1y mass production rates of CO,. O, and CO for the water flames are shown in figures 4a-dc.
m\ CO. production is increased. CO production is decreased and O, consumption is
uc;l;Cd with increasing water concentrations.  Visibly. the flames also become less sooty
., no net change m the fuel consumption rate. Thus. combustion efficiency is actually
‘::;!c;m’d with an increase in the water vapor concentration and CO and possibly soot
:‘;cmrsors are being oxidized to CO, as the water concentration is increased. Similar tends
imc ound for 15 & 25% O,. This indicates that the CO increase observed in figure 3b was
~robably due to disruptions caused by water evaporation.

1ne additional heat released due to oxidation of CO and soot precursors to CO, eventually
aamfests itself in an increase i the flame temperature.  Measured temperature profiles tor
Iifterent water vapor substitutions are shown in figure 4d. The temperature profiles have the
wme shape except the peak temperatire and the width is increased. The maximum temiperature
- the Names was increased slightly with increasing water vapor substitution (1914K tor 0%
« 1960K for 40% water vapor). There is also a small shift in the location of the peak
rwmperature for the 0% water case. This may be due o change in the transport properties with

waler vapor substitution,

1 summarize. these experiments clearly show that a significant chemical enhancement of
.omhustion 1s caused by the water used in fire suppression. The actual magnitude of the
cnhancement depends on the water concentration, the O, concentration and the tame
:emperatures.  Also, mixing caused by liquid water application and water evaporation can
agnificantly affect the gas composition. In particular, an increase in the CO concentration in
+low O0.% tire environment is very disturbing.

NUMERICAL CALCULATIONS

Sumerical calculations with detaited chemistry (GRIMECH-2.11) were done to ivestigate the
ame structure and the effect of flame radiation and strain rate. The Sandia Chemkin-based
OPPRE flame code [17] was modified 1o include flame radiation. Gas radiation from CH,.
i1 N CO, CO- and H,0 species was used in the radiative caleulations and radiauon from soot
and other heavy hydrocarbon was not included due to the lack of knowledge of their
«encentrations. Figure 5a shows the calculated and measured temperatures using the energy
equation both with and without gas radiation for the 40% water vapor substitution case (1.¢€.
~ase (5) of Table 1). The good agreement of the radiative calculation with the experiment
~oncurs with the visual observation that the flame for the 40% water substitution case was
sienificantly less sooty. Thus, ignoring the radiation from soot and other hydrocarbons did not
sienificantly affect the calculated results. Consequently | severa) calculations were done for the
4% walter substitution case with different strain rates (that are likely 1o be present in a fire
Juring suppression) and with and without flame radiative heat loss.

reure Shshows the calculated adiabatic flame temperature profiles at various straim rates for
e 40% water vapor substitution case. whereas, fig. S¢ shows the corresponding temperature
frolles with flame radiation. In these figures. the fowest strain rate corresponds to the
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:\pcflmenlul case shown in fig. 5a. As the sitram rate s increased, the wmperature profile
~omes narrower and the {ocation of the maximum temperature moves toward the stagnation
.ne. For the adiabatic calculations. the maximum temperature drops gradually as the strain
tuc s increased, whereas, for the radiation compensated calculations. the maximum
cmperature is increased up o a point and then decreased.  As indicated by the temperature
wofile. the flame s wider in the low strain rare field.  Thus. gas radiation becomes an
.mportant factor in reducing the peak flame temperature at low stram rates. Thus effect is
.~Juced when the strain rate is increased because a thin flame sheet can not emit much gag
. Juation.  Figure 5d shows the maximum flame temperature variation due to an increase in the
Jrain rate. At high strain rates, the maximum flame temperatures for adiabanc and radiation
.empensated calculations are close together. while at low strain rate they are far apart for
rcasons discussed above. From figure 5d it can also be scen that the maximum tlame
emperatures for the adiabatic cases (10% and 40%) are not very different. However. for
.adiation compensated cases, the 40% water substitution case has more radiation effect than
e 10% water substitution case. Thercfore. as expected. an increase in the water vapor
concentrarion enhances the flame radiation which is more pronounced ar lower strain rates.

CONCLUSIONS

papenimental results indicate that water has a very umque effect on flame chemistry. Water
mereases the production rate of CO, and decreases the CO production rate and the soot forma
non rate. As a result, the combustion becomes more complete and the flame temperature is
mcreased as the water concentration is increased. However, the actual magnitude of the
chemical enhancement depends on the water concentration. the O, concentration and the flame
remperatures.  Further, mixing caused by liquid water application and water evaporation can
wgnificantly affect the gas composition. In particular, it may increase the CO concentranion
tor @ low O, concentration fire environment.

Computations of flame temperatures for various strain rates with and without flame radiation
show that: (i) The radiation compensated temperatures are closer to the experimental results
tor high water concentration cases. This is due 10 an increase in the radiation from water and
a simultaneous reduction in the radiation from soot which was not included in the calculations
) For the high strain rate cases, the flame radiation ¢ffect is not as significant as for the low
strain rate cases due to a reduction in the flame thickness. (iii) As expected, an increase in the
water vapor concentration enhances the flame radiation particularty for low strain flames
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